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Raldu´a, Demetrio, Mercedes Fabra, Marı´a G. Bozzo, Ekkehard
Weber, and Joan Cerda`. Cathepsin B-mediated yolk protein degra-
dation during killifish oocyte maturation is blocked by an H-ATPase
inhibitor: effects on the hydration mechanism. Am J Physiol Regul
Integr Comp Physiol 290: R456–R466, 2006. First published Sep-
tember 1, 2005; doi:10.1152/ajpregu.00528.2005.—In teleost oocytes,
yolk proteins (YPs) derived from the yolk precursors vitellogenins are
partially cleaved into free amino acids and small peptides during
meiotic maturation before ovulation. This process increases the os-
motic pressure of the oocyte that drives its hydration, which is
essential for the production of buoyant eggs by marine teleosts
(pelagophil species). However, this mechanism also occurs in marine
species that produce benthic eggs (benthophil), such as the killifish
(Fundulus heteroclitus), in which oocyte hydration is driven by K.
Both in pelagophil and benthophil teleosts, the enzymatic machinery
underlying the maturation-associated proteolysis of YPs is poorly
understood. In this study, lysosomal cysteine proteinases potentially
involved in YP processing, cathepsins L, B, and F (CatL, CatB, and
CatF, respectively), were immunolocalized in acidic yolk globules of
vitellogenic oocytes from the killifish. During oocyte maturation in
vitro induced with the maturation-inducing steroid (MIS), CatF dis-
appeared from yolk organelles and CatL became inactivated, whereas
CatB proenzyme was processed into active enzyme. Consequently,
CatB enzyme activity and hydrolysis of major YPs were enhanced.
Follicle-enclosed oocytes incubated with the MIS in the presence of
bafilomycin A1, a specific inhibitor of vacuolar-type H-ATPase,
underwent maturation in vitro, but acidification of yolk globules,
activation of CatB, and proteolysis of YPs were prevented. In addi-
tion, MIS plus bafilomycin A1-treated oocytes accumulated less K
than those stimulated with MIS alone; hence, oocyte hydration was
reduced. These results suggest that CatB is the major protease in-
volved in yolk processing during the maturation of killifish oocytes,
whose activation requires acidic conditions maintained by a vacuolar-
type H-ATPase. Also, the data indicate a link between ion translo-
cation and YP proteolysis, suggesting that both events may be equally
important physiological mechanisms for oocyte hydration in bentho-
phil teleosts.
Fundulus heteroclitus; oocyte maturation; hydration; vacuolar-type
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IN OVIPAROUS VERTEBRATES, very-low-density lipoproteins and
vitellogenins (Vgs) are produced in the liver under estrogen
regulation, secreted into the bloodstream, and delivered to
growing oocytes by means of receptor-mediated endocytosis.
During the incorporation into the oocyte, these precursors are
cleaved into smaller molecular weight polypeptides, the yolk
proteins (YPs) lipovitellin (Lv), phosvitin, and -component,
apparently by the action of the lysosomal aspartic protease
cathepsin D (4, 5, 23, 44, 51, 63). The YP are then packed
together into yolk spheres, which are stored in developing
oocytes as an energy source for embryonic development.
In most marine teleosts, an additional processing of YPs
derived from Vg1 and Vg2 takes place during hormone-
induced meiosis reinitiation or oocyte maturation (3, 7, 20,
33–35, 43, 54, 56). In species that produce highly hydrated,
pelagic (floating) eggs, named pelagophils, the second matu-
ration-associated proteolysis of Lvs, phosvitins, and -com-
ponents is related to the production of cleavage peptides and
free amino acids (FAAs) that contribute to the colligative
osmotic pressure required for oocyte hydration (10, 16, 34–35,
43, 51, 53, 54). In other marine teleosts that spawn less
hydrated, nonfloating eggs, named benthophils, such as the
killifish (Fundulus heteroclitus), we have recently shown that a
different pattern of YP processing with respect to that of
pelagophil species occurs during oocyte maturation, resulting
in a limited proteolysis of Vg1-derived Lv (29). In these
species, only a small increase in FAAs is observed, and thus
the main osmotic effectors for oocyte hydration appear to be
the accumulation of inorganic cations, such as K and Na (8,
21, 57).
In both pelagophil and benthophil teleosts, however, the
proteases involved in the processing of YPs during oocyte
maturation are not well known. Recent studies suggest the role
of the lysosomal cysteine proteinase cathepsin L (CatL) in
the processing of Lv during oocyte maturation in the pel-
agophil gilthead sea bream (Sparus aurata) (5). Similarly,
the activities of acid phosphatases and also of CatL have
been implicated in YP degradation in some fish embryos and
larvae (26, 38, 51) and during atresia-associated yolk pro-
teolysis in ovarian follicles (58). However, in other fish
species, including the killifish, as well as in some amphib-
ians, insects, and sea urchin, cathepsin B (CatB)-like cys-
teine proteinases and serine proteases have been found or
suggested as the enzymes involved in the processing of yolk
materials during oocyte maturation and early embryogenesis
(6, 9, 23, 27, 32, 36). The causes for these divergent
enzymatic mechanisms among teleosts, specially for YP
processing during oocyte maturation, remain intriguing.
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Cumulative evidence indicates that pH may be the key
regulator of YP degradation during embryogenesis in both
invertebrates and lower vertebrates. In insects, the major acid
proteases are stored in the yolk bodies as a latent, acid-
activable proenzymes (9, 13, 39, 60). These yolk bodies are
initially neutral, but they become acidic during development,
causing maturation and/or activation of CatL (in the tick) or
CatB (in mosquito and silk moth) proenzymes and yolk deg-
radation. Acidification of yolk platelets and its relationship
with the onset of yolk proteolysis have also been reported in
Xenopus laevis (14, 15) and sea urchin (32, 62), where in the
latter the activity of a CatB-like enzyme is regulated by
changes in pH. The transient decline in the pH of yolk bodies
is established by a vacuolar-type H-ATPase (V-ATPase),
which appears to be developmentally regulated, thereby con-
trolling the timing of yolk processing (14, 15, 32).
In teleosts, information on the role of acidification and its
mechanism of action for YP proteolysis during oocyte matu-
ration is very scarce. Bafilomycins and concanamycins are two
groups of macrolide antibiotics that prevent the acidification of
vacuolar compartments such as lysosomes through the inhibi-
tion of the V-ATPase at nanomolar levels; hence, lysosomal
proteolysis would be suppressed (2, 11, 55). By using bafilo-
mycin A1 (BA1), Selman et al. (50) recently reported in the
pelagophil black sea bass (Centropristes striata) that V-ATPase
was responsible for the activation of yolk proteolysis, genera-
tion of FAAs, and concomitant oocyte hydration. However, the
specific mechanism and potential proteinases involved have
not been yet identified. In the present work, we have investi-
gated the role of yolk acidification in the regulation of cysteine
proteinases potentially involved in YP degradation during
killifish oocyte maturation. CatL, CatB, and cathepsin F (CatF)
were immunolocalized for the first time in fish oocytes, and
their changes during the transition from vitellogenesis into
maturation were documented. Furthermore, by using the V-
ATPase inhibitors BA1 and concanamycin A (ConA) on in
vitro experiments, we investigated the role of V-ATPase-
mediated acidification on the activation of CatL and CatB
proenzymes and subsequent enzyme activity.
MATERIALS AND METHODS
Animals and chemicals. F. heteroclitus males and females were
collected from the salt marshes of the Bay of Ca´diz (South Spain) and
maintained in the laboratory as described (12). All chemical reagents,
culture medium, and hormones were purchased from Sigma, unless
indicated otherwise. The procedures for the sampling of fish and death
employed were approved by the Ethical Committee from IRTA
(Spain).
Culture of ovarian follicles in vitro. Collection of fully grown
ovarian follicles and induction of oocyte maturation using the natu-
rally occurring maturation-inducing steroid (MIS) 17,20-dihy-
droxy-4-pregnen-3-one (17,20P) were carried out as described (29).
The effect of V-ATPase inhibitors, BA1 and ConA, both from 1 to 100
nM, were tested by preincubation of follicles (n  20–25) with each
of the drugs for 1 h before addition of the steroid. Incubations were
carried out at 25°C for up to 48 h in a temperature-controlled
incubator. The occurrence of oocyte maturation in vitro was scored by
the incidence of germinal vesicle breakdown (GVBD). The effect of
BA1 on oocyte hydration was determined on follicles cultured indi-
vidually in 96-well plates by measuring changes in oocyte volume
calculated from the oocyte diameter measured with an ocular ste-
reomicroscope to the nearest 0.01 mm until full hydration was
observed. Water content of groups (n  25–35) of fully grown and
mature follicle-enclosed oocytes in vitro, in the presence or absence of
100 nM BA1, was measured gravimetrically to constant weight at
60°C.
Enzyme activity of CatL and CatB. The enzyme activities of CatL
and CatB were determined in ovarian follicles undergoing oocyte
maturation in vitro in the presence or absence of 100 nM BA1, using
Z-Arg-Arg-7-amino-4-methylcoumarin (AMC) and Z-Phe-Arg-AMC
as substrates for CatB and CatL, respectively, as described (29).
SDS-PAGE of YPs. The effect on H-ATPase inhibitors on steroid-
induced yolk proteolysis was determined on samples from 10–15
ovarian follicles incubated with 17,20P in the presence of BA1 or
ConA. Follicles were placed in 1.5-ml Eppendorf tubes containing
100 l of 1 Laemmli sample buffer (28) and immediately homog-
enized and heated for 5–10 min at 97°C. The tubes were allowed to
cool, and 10 U of benzonase were added to the homogenates to digest
DNA for 20 min at room temperature (RT). The homogenates were
briefly centrifuged at 12,000 g for 3 min, and the supernatant was
stored at 	20°C until electrophoresis. SDS-PAGE was carried out
using 10% or 15% acrylamide mini-gels (7  10 cm). Molecular
weight standards and follicle homogenates (0.05 follicles/lane) were
placed in wells and electrophoresed at constant voltage (180 V).
Protein bands were visualized by fixing gels in 12% TCA for 1 h,
overnight staining in 0.2% Coomassie blue R-350 (Amersham-Phar-
macia Biotech) in 30% methanol plus 10% acetic acid, and final
destaining in 25% methanol and 7% acetic acid.
Measurement of K. Atomic absorption spectroscopy was used to
determine concentrations of K in follicle-enclosed oocytes undergo-
ing oocyte maturation in the presence or absence of increasing doses
of BA1. Single follicles from each treatment (n  12–15) were
digested with HNO3 and H2O2 (Baker Instra) for 12 h at 90°C.
Samples were diluted with 6 ml of redistilled water and analyzed
using a Unicam PU 9200X atomic absorption spectrophotometer.
Control (blank) tubes were treated as described above, and all anal-
yses were done in duplicate.
Production of antibodies against killifish CatL, CatB, and CatF.
The CatL, CatB, and CatF antiseras were produced against synthetic
peptides corresponding to the deduced amino acid sequences of the
corresponding cDNAs (12). Amino acids 317–335 (YMAKDRKNH-
CGIATAASYP), 318–330 (CGIESEVVAGIPK), and 235–249 (ETE-
TDYSYKGHKQTC) from the corresponding CatL, CatB, and CatF
proenzymes, respectively, were selected for peptide synthesis. The
peptides were conjugated to keyhole limpet hemocyanine and injected
into rabbits, and the specificity of the antisera obtained were tested by
ELISA. The CatL and CatB antisera were affinity purified on thio-
propyl sepharose 6B coupled to the synthetic peptide. A rabbit
antiserum raised against a preparation of pure salmon CatL (52),
which showed cross-reactivity with killifish CatL, was also used.
Immunoprecipitation and immunoblotting. Biochemical determina-
tion of CatL and CatB proenzyme activation in follicles treated with
ethanol or 17,20P in vitro, with or without 100 nM BA1, was carried
out by immunoprecipitation followed by immunoblotting to reduce
yolk contamination. For immunoprecipitation, total proteins were
extracted from 30 follicles by homogenizing the samples in Triton
X-100-containing lysis buffer [1% Triton X-100, 1 mM CaCl2, 150
mM NaCl, 10 mM Tris, pH 7.4, 0.5 mg/ml PMSF, and a cocktail of
protease inhibitors (mini-EDTA-free; Roche)], followed by a centrif-
ugation at 12,000 g for 10 min at 4°C. The whole lysates were
precleared by incubation with approximately the same amounts of free
protein-A Sepharose beads (Amersham) for 30–60 min; they were
subsequently incubated overnight at 4°C with 15 g of anti-salmon
CatL or 10 g of anti-killifish CatB antisera. Freshly prepared beads
were then absorbed to the lysates for 1 h at 4°C, and bead-coupled
antibodies were separated by a short centrifugation at 12,000 g and
washed with cold homogenization buffer followed by PBS. Bound
proteins were eluted with SDS-PAGE sample buffer at 95°C and
processed for immunoblotting.
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Follicle total proteins separated by SDS-PAGE (15%) were elec-
troblotted on nitrocellulose or PVDF membranes (Bio-Rad) using
glycine transfer buffer (190 mM glycine, Tris 25 mM, pH 8.6, 20%
methanol). After blocking incubation with Tris-buffered saline with
0.1% Tween 20 and 5% milk powder for 1 h, the membranes were
incubated with killifish CatL (1:100) and CatB (1:500) antisera
overnight at 4°C. Bound antibodies were detected with horseradish
peroxidase-coupled rabbit secondary antibodies (1:8,000) using the
enhanced chemiluminescence method (Amersham).
Immunocytochemistry and electron microscopy. Acidic compart-
ments within killifish oocytes were visualized by a modified indirect
immunocytochemical protocol (24, 32). Follicle-enclosed oocytes
undergoing maturation in vitro, in the presence or absence of 100 nM
BA1, were incubated in L-15 medium with 50 M of the cell-
permeable acidic pH probe N-3-[(2,4-dinitrophenyl)-amino]propyl-N-
(3-aminopropyl)-methylamine, dihydrochloride (DAMP-HCl; Molec-
ular Probes). Follicles at different stages during maturation were
removed and washed with fresh medium without DAMP, fixed with
PBS containing 2% glutaraldehyde, 2% paraformaldehyde (PFA), and
0.5% DMSO for 4 h at RT, and embedded in paraplast. The sections
(10 m) were either stained with eosin or permeabilized in PBS
containing 1% SDS for 10 min and blocked with 5% rabbit serum and
0.1% BSA in 0.01% PBST (1% BSA and 0.01% Tween 20 in PBS).
These sections were subsequently incubated with rabbit anti-dinitro-
phenyl fluorescein-conjugated antibody (Molecular Probes) in PBS at
1:100 dilution overnight at 4°C. After sections were washed with
PBS, the specimens were mounted on glass slides and viewed under
a Leica DMLB microscope equipped with fluorescence optics.
For immunocytochemistry, ovarian pieces or isolated ovarian fol-
licles undergoing oocyte maturation in vitro were fixed in 4% PFA in
PBS for 4–6 h at RT and subsequently dehydrated and embedded in
paraplast. Sections of 6 m were blocked with 5% goat serum in
PBST and incubated overnight at 4°C with anti-salmon CatL (1:100)
and anti-killifish CatB (1:100) antisera or for 1 h at RT with anti-
killifish CatF (1:300) antisera in 1% goat serum in PBST. After four
washes of 5 min each with PBS, the sections were incubated with
FITC anti-rabbit secondary antibodies (1:300 in PBS) for 1 h, washed
three times with PBS, and mounted with Vectashield (Vector Labs).
In some sections, CatF and CatL were also immunolocalized with the
avidin-biotin-peroxidase complex method using a commercial kit
according to the manufacturer’s instructions (Vectastain avidin-bi-
otin-peroxidase complex kit, Vector Labs). Using the preimmune sera
or preincubation of the antisera with the synthetic peptide for 1 h at
37°C previous to its application onto the sections did not reveal any
staining (not shown), which demonstrated the specificity of the sig-
nals. Immunofluorescence and immunoperoxidase staining were ob-
served and documented with a Leica DMLB microscope equipped
Fig. 1. Immunolocalization of cathepsin L (CathL;
A–C), cathepsin B (CathB; D), and cathepsin F (CathF;
E and F), in killifish vitellogenic ovarian follicles.
Shown are immunoperoxidase (A-C, E, and F) and
immunofluorescence images (D; phase-contrast and cor-
responding fluorescence images are on the left and right,
respectively). CatL immunoreaction (arrowheads) was at
site of fusion of yolk globules into the central mass of
liquid yolk (asterisks) and also surrounding cytoplas-
matic yolk globules (A-C). Yolk was stained with eosin
after peroxidase reaction (C). In contrast, CatB is mainly
observed in yolk globules (D, arrowheads; D, inset).
Similar to CatL, CatF immunoreaction is observed at the
edges of the central yolk mass and surrounding yolk
globules (E, arrowheads). However, CatF is also found
within nascent cortical alveoli in oocytes at the cortical
alveoli stage, which are previtellogenic and do not con-
tain yolk (F, arrowheads). ve, Vitelline envelope; sc,
somatic cells, o, oocyte; yg, yolk globules; gv, germinal
vesicle. Scale bars, 200 m (A), 100 m (B and D), 50
m (C, E, and F), and 20 m (D and inset).
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with fluorescence optics or with a Nikon TE 300 inverted microscope
equipped with Nomarski optics, respectively.
Transmission electron microscopy of ovarian follicles was carried
out on samples fixed in 0.1 M cacodylate buffer, 2% PFA, and 2.5%
glutaraldehyde for 48–72 h at 4°C. The samples were processed for
standard electron microscopy as described (19) and observed and
photographed using a JEOL JEM 1010 electron microscope.
Statistical analysis. Data are presented as means 
 SE. Data were
statistically analyzed by either the Student’s t-test or one-factor
ANOVA, after arcsine transformation of the data when needed,
followed by the Tukey’s multiple-range test. Differences were con-
sidered significant at P  0.05.
RESULTS
Immunolocalization of CatL, CatB, and CatF in the killifish
ovary. In a previous study, our group (12) reported that CatL,
CatB, and CatF mRNAs were expressed in killifish ovarian
follicles throughout oocyte growth (vitellogenesis) and matu-
ration. To elucidate the subcellular localization of these pro-
teases in ovarian follicles, immunofluorescence and immuno-
peroxidase experiments on ovarian sections were carried out.
Immunocytochemical analysis showed clearly distinguishable
signals for CatL, CatB, and CatF in late vitellogenic oocytes,
although their pattern of subcellular localization was slightly
different (Fig. 1). Immunoreactivity for CatL, CatB, and CatF
appeared surrounding yolk globules in vitellogenic oocytes as
well as at the edges of the central mass of liquid yolk, where
fusion of yolk globules occurs (Fig. 1, A, B, D, and E).
However, CatF (Fig. 1E) apparently showed a higher level of
immunoreactivity at the yolk mass when compared with CatL
and CatB (Fig. 1, A, B, and D). Interestingly, CatF immuno-
reaction, but not CatL or CatB, was also found within nascent
cortical alveoli in cortical alveoli-stage oocytes (Fig. 1F, ar-
rowheads), which are previtellogenic and do not contain yolk
(48), thus suggesting that this protease may be involved in the
processing of the alveoli content in addition to yolk processing.
To observe possible changes in the subcellular localization
of CatL, CatB, and CatF during oocyte maturation, immuno-
fluorescence was performed on manually isolated follicle-
enclosed oocytes undergoing maturation in vitro in response to
the naturally occurring MIS, 17,20P (Fig. 2). When matura-
Fig. 2. Immunolocalization of CatL (A, D),
CatB (B, E), and CatF (C, F) during oocyte
maturation in vitro. Isolated fully grown follicle-
enclosed oocytes were incubated with 0.1 g/ml
17,20-dihydroxy-4-pregnen-3-one (17,20P;
D-F) or ethanol vehicle (	17,20P, A-C). After
12 h from steroid stimulation, follicles were
fixed and processed for immunofluorescence (see
MATERIALS AND METHODS). Panels show phase-
contrast (top) and corresponding immunofluores-
cence (bottom) images. Positive signals for both
CatL (A, D) and CatB (B and inset, E and inset)
appear more intense at the edges of the yolk mass
(asterisks) during maturation (arrows), whereas
CatF immunoreaction at the same sites seems to
disappear (arrows in C and F). B, inset: cytoplas-
matic, CatB-positive yolk globules (arrows) in
fully grown oocytes. E, inset: detail of the sur-
rounding area of the central yolk mass in oocytes
undergoing maturation where small yolk globules
(arrows) are merging. Scale bars, 100 m (A and
D), 50 m (B, E and F), and 25 m (C).
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tion was induced, immunoreactions for both CatL and CatB in
yolk globules were greatly reduced, whereas a strong signal,
specially for CatB, was found at the edges of the central yolk
mass (Fig. 2, A, B, D, and E). By contrast, CatF staining
surrounding yolk inclusions and yolk mass (Fig. 2C) com-
pletely disappeared (Fig. 2F).
Cytoplasmic acidification and yolk proteolysis during oocyte
maturation. The macrolide antibiotics BA1 and ConA were
employed to study the physiological role of V-ATPase during
acidification and yolk proteolysis in killifish oocytes. However,
before testing the effect of these compounds on yolk process-
ing, we first evaluated their effect on oocyte maturation in
vitro. Fully grown follicle-enclosed oocytes were incubated
with 0.1 g/ml 17,20P in the presence or absence of BA1 and
ConA (1–100 nM) (Fig. 3). Oocytes in prematuration follicles
incubated with 17,20P with or without increasing doses of
BA1 underwent similar levels of GVBD (Fig. 3A). However,
17,20P-induced oocyte maturation in the presence of ConA
appeared to be inhibited in an approximately dose-dependent
manner, the inhibition being statistically significant (P  0.05)
at 100 nM ConA (Fig. 3B). Because our objective was to
investigate the effect of the inhibitors on oocyte maturation-
associated yolk proteolysis, further experiments were carried
out using BA1, which seems not to affect the maturation
mechanism in killifish oocytes.
The effects of BA1 on normal acidification of killifish
oocytes before and during maturation were investigated by
using the cell-permeable probe for acidic organelles DAMP in
conjunction with anti-DNP antibodies (Fig. 4). According to
what was previously observed, cytoplasmic acidification re-
vealed by DAMP immunolocalization was already detected in
prematuration oocytes and in oocytes undergoing maturation in
vitro in response to 17,20P (Fig. 4, A and B). However, no
positive signals for DAMP were detected in fully mature
oocytes (Fig. 4C), suggesting a further increase in pH of the
cytoplasm and yolk structures after meiosis resumption before
ovulation. Notably, acidic compartments in vitellogenic and
maturing oocytes were detected in the cytoplasm, but also
surrounding the yolk globules and at the edges of the central
yolk mass (Fig. 4, A and inset), thus at the same regions where
CatL, CatB, and CatF were immunolocalized. However, treat-
ment with BA1 during steroid-induced maturation strongly
reduced the acidification of the oocyte cytoplasm and yolk
globules, in both prematuration and maturing oocytes (Fig. 4,
D and E), indicating the role of a V-ATPase in the acidification
mechanism of killifish oocytes.
Electron microscopy was employed to document potential
ultrastructural alterations in yolk globules during maturation in
the presence of BA1 (Fig. 5). Prematuration oocytes showed
the typical dissociation and fusion of noncrystalline, electron
dense yolk globules into a central mass of fluid yolk (Fig. 5,
A-C). These processes appeared to be accelerated in response
to the MIS, concomitant with an enhanced proteolysis of YPs
(29), and finally, a single central mass of yolk filled with liquid
and transparent material was formed in fully mature, not
ovulated oocytes, which filled most of the oocyte cytoplasm
(Fig. 4, D and E). However, the ultrastructural changes of yolk
globules during steroid-induced maturation appeared disturbed
by the presence of BA1, since in these oocytes the yolk
globules partially disassembled and were not completely fused
into the central yolk mass (Fig. 5, F-H).
To correlate the BA1-induced structural alterations of yolk
globules during oocyte maturation with yolk proteolysis, the
changes in major YPs were characterized by SDS-PAGE and
staining with Coomassie blue (Fig. 6). In the absence of BA1,
the 122-kDa and 45-kDa bands visible in immature follicles,
which correspond to Lv heavy chain (LvH 122) and Lv light
chain (LvL 45) of killifish Vg1, respectively (29), were pro-
cessed into smaller YPs (LvH 103 and LvL 42, respectively)
during MIS-induced oocyte maturation (Fig. 6, lanes 2 and 3).
However, the presence of BA1 inhibited in a dose-response
manner the typical processing of LvH 122 and LvL 45 during
maturation, maximum inhibition being at 100 nM BA1 (Fig. 6,
lanes 4-6). Thus oocyte maturation in the presence of BA1
appears to have occurred without yolk globule acidification and
YP proteolysis, both of which normally accompany maturation
both in vitro and in vivo.
Fig. 3. Effect of H-ATPase inhibitors, bafilomycin A1 (BA1) and concana-
mycin A (ConA), on oocyte maturation in vitro. Fully grown ovarian follicles
were incubated with steroid ethanol vehicle or 0.1 g/ml 17,20P in the
presence of increasing amounts of BA1 (A) and ConA (B). The occurrence of
oocyte maturation was scored by the percentage of germinal vesicle break-
down (GVBD) after 48 h of culture at 25°C. Values are means 
 SE of 3
experiments (n  20–25 follicles per treatment). *P  0.05 (ANOVA).
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CatL and CatB proenzyme activation and enzyme activity.
To ascertain whether the inhibitory effect of BA1 on yolk
proteolysis was mediated by an alteration of the functional
properties of CatL and/or CatB, the enzyme activities of these
proteases, as well as the activation of the corresponding proen-
zymes, were determined at 24 h after MIS-induced oocyte
maturation in vitro in the presence or absence of 100 nM BA1
(Fig. 7). As reported earlier (29), CatL enzyme activity in
MIS-treated oocytes decreased markedly (P  0.05) as matu-
ration progressed, whereas in control, ethanol-treated follicles
its activity remained approximately constant during the same
culture period (Fig. 7A). The presence of BA1 did not have a
significant effect on CatL activity, although in control follicles
exposed to BA1 the activity was slightly lower than in those not
treated with BA1. In contrast, the enzyme activity of CatB in
both control and MIS-treated follicles increased after 24 h,
although this increase was significantly higher (P  0.05) in
follicles undergoing GVBD (Fig. 7B). In both cases, treatment
with BA1 significantly (P  0.01) inhibited CatB activity.
The effect of BA1 on the activation of CatL and CatB
proenzymes was then investigated by immunoprecipitation
followed by immunoblotting (Fig. 7, insets). Detergent extracts
from follicles undergoing MIS-induced oocyte maturation in
vitro, with or without 100 nM BA1, were immunoprecipitated
with CatL and CatB antibodies and subsequently analyzed for
the presence of CatL and CatB peptides by Western blot.
Immunoprecipitated proteins from ovarian follicle extracts
revealed two specific polypeptides reacting with CatL antibod-
ies of approximately 35 and 24 kDa molecular mass, corre-
sponding to CatL proenzyme and CatL enzyme, respectively
(Fig. 7A, inset). The ratio of CatL proenzyme and enzyme
remained similar between control and MIS-treated follicles
over culture, regardless of BA1 treatment (Fig. 7A, inset, lanes
1-5), thus indicating that the reduction of CatL enzyme activity
in maturing oocytes previously observed was not caused by a
reduction of the amount of CatL enzyme.
Follicle proteins immunoprecipitated with anti-CatB anti-
bodies also revealed two CatB-related polypeptides of approx-
imately 36 and 27 kDa molecular mass, corresponding to the
proenzyme and enzyme, respectively. In this case, an increase
in the relative amount of CatB enzyme with respect to the
proenzyme was detected in control follicles after 24 h of
culture (Fig. 7B, inset, lanes 1 and 2), which agreed with the
elevated activity of the enzyme in these follicles. Such activa-
tion of the CatB proenzyme in control follicles was not affected
by BA1 (Fig. 7B, inset, lane 3), although the enzyme activity of
CatB was significantly reduced (Fig. 7B). Follicles treated with
the MIS showed a higher increase of the relative amount of
CatB enzyme (Fig. 7B, inset, lane 4), in accordance with the
higher activity of the enzyme, and this steroid-induced activa-
tion of the proenzyme was apparently impaired by BA1 (Fig.
7B, inset, lane 5).
Relationship between yolk proteolysis and oocyte hydration.
Follicles treated with 17,20P in the presence of BA1 showed
several macroscopic alterations after the completion of the
maturation process with respect to those incubated with
17,20P alone (Fig. 8). In BA1-treated mature follicles, the
oocyte cytoplasm appeared slightly more opaque with a higher
number and smaller lipid droplets than in 17,20P-treated
follicles without BA1 (Fig. 8A). Most noticeable, however, was
that the final volume of oocytes progressively decreased with
increasing BA1 concentration in the culture medium (Fig. 8B),
suggesting that oocytes undergoing maturation in the presence
of BA1 hydrated to a lesser extent than those incubated with
Fig. 4. Visualization of acidic compartments in the oocyte by indirect immunofluorescence for N-3-[(2,4-dinitrophenyl)-amino]propyl-N-(3-aminopropyl)-methylamine,
dihydrochloride (DAMP). Isolated fully grown follicle-enclosed oocytes were incubated with 0.1 g/ml 17,20P or ethanol vehicle, in the presence or absence of 100
nM BA1. At 12 and 36 h after steroid stimulation, follicles were processed for immunochemical detection of acidic compartments (see MATERIALS AND METHODS).
Prematuration oocytes show acidic compartments surrounding yolk globules (arrows) and the central mass of fluid yolk (arrowheads) (A and inset). Acidification is
reduced by BA1 treatment (D). Oocytes undergoing oocyte maturation show BA1-sensitive acidic compartments located in a more peripheric area than in immature
oocytes, where the fusion of yolk globules into the central mass of fluid yolk (asterisks) is apparent (B and E). Yolk globule and cytoplasmic acidification is no longer
detectable when the fusion of yolk inclusions is complete in fully mature, preovulatory oocytes (C and F). In these oocytes, mature cortical alveoli are seen at the
cytoplasmic rim below the vitelline envelope (C). Scale bars, 100 m (B, C, F, and E), 50 m (A and D), and 20 m (A and inset).
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17,20P alone. To confirm that BA1 prevented steroid-induced
oocyte hydration, the water content of immature follicle-en-
closed oocytes, and of in vitro 17,20P-matured oocytes with
or without 100 nM BA1, was determined gravimetrically. As
shown in Table 1, the treatment of oocytes undergoing matu-
ration with BA1 reduced the uptake of water, which indicated
that inhibition of yolk proteolysis effectively inhibited the
hydration of the oocyte.
To explore the possible mechanisms by which BA1 might
affect the hydration process, the oocyte content in K, the
main osmotic effector for the hydration of killifish oocytes (21,
57), was determined in MIS-stimulated ovarian follicles in the
presence of increasing doses of BA1 (Fig. 9). These experi-
ments showed that MIS stimulation produced an increase of
3.2-fold in the content of K of mature follicles with respect
to immature follicles (from 48.8 to 156.9 nmol K/follicle),
but the accumulation of K was partially inhibited in a dose-
dependent manner by BA1. Thus the effect of BA1 on oocyte
hydration in killifish could involve a diminished ability of the
oocyte to accumulate K in response to the MIS.
DISCUSSION
In the present work, we have provided immunologic evi-
dences for the role of the cysteine proteinases CatL and CatB,
and more remarkably of CatF, in the mechanism of yolk
processing in the killifish oocyte. The mRNAs encoding CatL,
CatB, and CatF are expressed in vitellogenic ovarian follicles
(12), and their proenzymes appear associated with yolk glob-
ules in the oocyte, as well as with the sites of their fusion into
the central mass of fluid yolk. Thus this specific subcellular
localization resembles that found for cathepsin D in vitello-
genic trout oocytes (51), which may enhance the rapid activa-
tion of the proenzyme for yolk proteolysis by changes in pH or
by the action of another protease. The early localization of
cathepsins in yolk globules of vitellogenic oocytes is consistent
Fig. 5. Ultrastructural changes of yolk globules
during oocyte maturation. Electron micrographs of
prematuration oocytes showed dissociation and fu-
sion of noncrystalline, electron dense yolk globules
into a central mass of fluid yolk (asterisks; A-C).
Fragmentation and fusion of yolk globules are
complete in fully mature, not ovulated oocytes,
resulting in the formation of a single central mass
of yolk filled with liquid and transparent material
occupying most of the oocyte cytoplasm (D, detail
in E). Arrows point to sites of fusion of remaining
small yolk globules into the yolk mass (E). In
oocytes undergoing maturation in the presence of
BA1, the yolk globules only disassembled partially
(H) and were not completely processed into the
central yolk mass (F, arrows, and G). ld, Lipid
drop. Scale bars, 4 m (A), 2 m (C, D, and F), 1
m (G and H), 0.5 m (E), and 0.4 m (B).
Fig. 6. Inhibition of oocyte maturation-associated yolk proteolysis by BA1.
Fully grown follicle-enclosed oocytes were incubated with steroid ethanol
vehicle or 0.1 g/ml 17,20P in the presence of 1, 10, or 100 nM BA1. Yolk
proteins were extracted before and after 36 h of the different treatments and
resolved by a 10% SDS-PAGE (0.1 follicles/lane) and stained with Coo-
massie blue R-350. A representative SDS-PAGE gel is shown. Arrowheads,
122-kDa lipovitellin heavy chain (LvH 122) and 45-kDa lipovitellin light chain
(LvL 45) yolk proteins. Molecular mass (Mr) values are given in kDa on
the left.
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with the specific pattern of yolk formation and degradation in
killifish oocytes (47, 48), in which yolk globule fusion, possi-
bly associated with the processing to some extent of Vg-
derived YPs, already takes place at later stages of vitellogen-
esis before oocyte maturation.
Our finding of CatF proenzyme in intracellular sites of yolk
fusion in vitellogenic oocytes (Figs. 1 and 2) provides the first
evidence in fish for a role of this protease in the mechanisms of
yolk processing. This observation agrees with a recent report
on the parasitic worm Paragonimus westermani, where a
CatF-like cysteine proteinase is localized in the vitelline gland,
which is responsible for the secretion of vitelline and shell
material into the naked ovum (41). Interestingly, CatF was no
longer detected in yolk organelles of the oocyte during meiosis
resumption (Fig. 2), unlike CatL and CatB that remain at the
edges of the central yolk mass at this stage. These data may
imply that CatF is involved during protease activation and/or
yolk proteolysis specifically during vitellogenesis. The accu-
mulation of CatF mRNA in killifish ovarian follicles that
occurs during oocyte maturation both in vivo and in vitro (12)
is thus possibly related to the requirement of CatF maternal
transcripts during early embryogenesis rather than for the
specific processing of YPs during oocyte maturation.
The role of acidification of yolk bodies for the activation of
yolk processing at the onset of embryonic development has
been documented for both invertebrates and lower vertebrates
(e.g., Refs. 15, 32, 39, 62). In pelagophil teleosts, recent
findings suggest that a similar pH-regulated mechanism con-
trols the processing of YPs during oocyte maturation. In one of
these species, the black sea bass, we reported that BA1 pre-
vented the proteolysis of Lv and further generation of FAAs of
gonadotropin-treated ovarian follicles in vitro (50). In the
benthophil killifish, direct assessment of cytoplasmic and yolk
globule acidification during oocyte maturation by DAMP im-
munocytochemistry revealed that BA1-sensitive acidic com-
partments are already detected in postvitellogenic oocytes.
Notably, these acidic areas coincided with the sites where
CatL, CatB, and CatF were immunolocalized. In addition, as in
the black sea bass, BA1 prevented the degradation of LvH 122
and LvL 45 yolk products during oocyte maturation, but it did
not affect meiosis resumption. Thus, together, these observa-
tions provide further support for the role of acidification of
yolk compartments, regulated by V-ATPase, for YP hydrolysis
in both pelagophil and benthophil teleosts.
The identity and mechanism of action of lysosomal pro-
teases involved in YP proteolysis during fish oocyte maturation
Fig. 7. CatL and CatB enzyme activity and activation
of the corresponding proenzymes in ovarian follicles
undergoing oocyte maturation in vitro in the presence
or absence of BA1. CatL and CatB enzyme activities
were determined in isolated fully grown ovarian folli-
cles before and after 24 h of the different treatments (A
and B). Data are means 
 SE of 3 or 4 separate
experiments performed on different batches of folli-
cles. The bars with different letters are significantly
different (P 0.05, ANOVA), and the asterisks denote
significant differences with respect to follicles not
treated with BA1 (*P  0.05; **P  0.001; Student’s
t-test). Insets (A and B): representative CatL and CatB
immunoblots of CatL and CatB immunoprecipitated
proteins, respectively, from follicles under the different
treatments as indicated on the top. Arrowheads point to
the position of the proenzymes, whereas arrows indi-
cate the position of the enzymes. Mr values are given in
kDa on the left.
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are poorly known. Although CatL has been suggested to be the
main protease involved in this process in gilthead sea bream
(5), CatB seems to be the enzyme responsible for maturation-
associated yolk degradation in both barfin flounder (Verasper
moseri; Ref. 36) and killifish (29). Consistent with this latter
report, we found that partial proteolysis of LvH 122 and LvL
45 during MIS-induced oocyte maturation correlated with an
increased CatB enzyme activity (Fig. 7B). In contrast, CatL
activity dramatically decreased as maturation proceeded (Fig.
7A) (29), which apparently was not caused by a reduction in
the amount of enzyme available (as observed both biochemi-
cally and immunologically) but most likely by an inactivation
mechanism. Such inhibitory processes may require the action
of specific cysteine protease inhibitors (e.g., Refs. 1, 59, 61),
since both ovarian CatL and CatB seem to have similar pH for
optimum activity (5, 64), and thus inhibition of CatL by
MIS-induced changes in pH during maturation seems unlikely.
However, conclusive evidences to rule out a pH-mediated
mechanism for CatL inactivation during killifish oocyte matu-
ration need further investigation with the use of purified native
CatL and CatB enzymes from oocytes.
The increase of CatB enzyme activity in both control and
MIS-treated killifish ovarian follicles was sensitive to a BA1-
induced increase in internal pH, which is consistent with the
acidic pH optimum (5.5) reported for Xenopus laevis embry-
onic CatB (64). The enhanced enzyme activity of CatB in
immature and maturing follicles could be explained by the
activation of the proenzyme over culture time, which in MIS-
induced follicles was more marked, and most of the proenzyme
appeared to be processed into potentially active enzyme (Fig.
7B, inset). The MIS-stimulated processing of CatB proenzyme
was pH dependant, since the presence of BA1 partially pre-
vented the maturation of the proenzyme. The nature of this
process is still unclear, although autocatalytic cleavage of CatB
proenzyme under acidic conditions, as it has been reported for
mammalian CatB (31, 46), may be a potential mechanism
involved. However, cathepsins are normally delivered to lyso-
somes as proenzymes (22), and, because BA1 has been found
to suppress indirectly the fusion of lysosomes into target
vacuoles (42), an inhibition of the delivery of CatB proenzyme
to yolk globules during MIS-stimulated oocyte maturation is
another potential mechanism that may be involved. In addition,
we found that immature oocytes not exposed to the MIS
showed partial maturation of CatB proenzyme, which may
suggest the existence of an additional mechanism for CatB
activation not sensitive to BA1 and thus MIS and pH indepen-
dent. Therefore, it is apparent that the mechanisms by which
CatB becomes activated in killifish oocytes are complex and
remain to be elucidated.
The proteolysis of YPs during oocyte maturation in pelago-
phil teleosts generates the source of FAAs in the oocyte
Fig. 8. Effect of BA1 on oocyte hydration during 17,20P-induced oocyte
maturation in vitro. A: photomicrographs of follicle-enclosed oocytes treated
with ethanol vehicle (1), 0.1 g/ml 17,20P (2), or 0.1 g/ml 17,20P and 100
nM BA1 (3). Scale bar, 500 m. B: inhibition of oocyte volume increase during
17,20P (0.1 g/ml)-induced maturation in vitro in the presence of increasing
amounts of BA1. Data are means 
 SE of 3 experiments in which follicles
were incubated individually in 96-well plates (n  24 follicles). *Significant
differences with respect to follicles incubated with 17,20P alone (*P  0.05;
**P  0.001; Student’s t-test).
Table 1. Water content of follicle-enclosed oocytes
Immature
(n  3)
Mature (n  4)
17,20P 17,20P  BA1
















Values are means 
 SE of 3 or 4 experiments (n  25–35 follicles/
treatment). Data indicate the wet and dry weights and %water in immature and
matured follicle-enclosed oocytes in vitro with 0.1 g/ml 17,20-dihydroxy-
4-pregnen-3-one (17,20P) in the presence or absence of 100 mM bafilomycin
A1 (BA1). Values within a row with different superscripts are statistically
significant (P  0.001; ANOVA).
Fig. 9. Effect of BA1 on K accumulation in ovarian follicles during 17,20P-
induced oocyte maturation in vitro. Data are means 
 SE of 3 experiments
(n  20–25 follicles/treatment). Values with different superscripts are signif-
icantly different (ANOVA, P  0.05).
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necessary for water uptake, which renders the eggs buoyant in
sea water (see Introduction). Marine benthophil fish also show
varying degrees of Lv degradation during oocyte maturation
(17, 20, 25, 29, 49); given that in these fish low or almost no
oocyte hydration occurs, the physiological significance of this
process is unclear. The degradation of Lv may be related to the
generation of FAAs and small peptides for energy production
and protein synthesis during embryogenesis (18, 40, 45). How-
ever, our present findings suggest that CatB-mediated proteol-
ysis of Lv components during meiosis resumption in killifish
may also play an important role during oocyte hydration that
was not previously noted (37). In this species, inhibition of Lv
proteolysis in vitro by BA1 in K-containing medium, through
the suppression of yolk globule acidification and CatB activity,
reduced K influx into the oocyte and strongly diminished
subsequent hydration (Fig. 9 and Table 1). These surprising
observations would however be consistent with Ling’s (30)
association-induction hypothesis on the behavior of small ions
within cells, which may implicate that chemical modification
of YPs in the oocyte could have profound effects on the
ion-binding properties of the resulting peptides newly exposed
to an aqueous environment. Therefore, it could be speculated
that BA1-mediated inhibition of Lv cleavage might reduce the
generation of new K-binding sites within the oocyte, thus
preventing the accumulation of K through passive diffusion
from the capillary beads and hence reducing the increase in the
oocyte osmotic pressure. Thus YP proteolysis-facilitated accu-
mulation of K in the oocyte, along an electrochemical gradi-
ent, would be the physiological mechanism involved in the
hydration of killifish oocytes. Although this model needs to be
directly demonstrated, it would suggest that proteolysis of YPs
is essentially involved in the process of oocyte hydration in
both benthophil and pelagophil teleosts, reinforcing the notion
that the hydration of fish oocytes is generated and/or regulated
by the oocyte itself rather than by the associated follicle cells.
In summary, we have shown that during maturation of
killifish oocytes CatL enzyme activity is reduced, whereas
CatB proenzyme is processed into active enzyme, which ap-
pears to be the major protease involved in the cleavage of Lv
yolk components. As for CatF, the increase in CatL mRNA
previously reported during killifish oocyte maturation (12) is
likely to be related to specific requirements for this protease
during early embryogenesis, which is supported by the finding
of CatL maternal transcripts in blastula embryos (A. Tingaud-
Sequeira and J. Cerda`, unpublished observations). The activa-
tion of CatB during oocyte maturation requires V-ATPase-
maintained acidic conditions, although the specific molecular
mechanisms involved need to be investigated further. Surpris-
ingly, we also obtained evidences for a role of yolk proteolysis
during the hydration of killifish oocytes, which may indicate
that ion translocation into the oocyte as well as YP hydrolysis
are equally important physiological mechanisms to drive the
hydration of the oocyte in benthophil teleosts. However, the
molecular events that may link both events are still completely
unknown. The uncovering of these mechanisms will undoubt-
edly contribute to our understanding of the physiological basis
of egg formation and early embryo development in teleosts.
ACKNOWLEDGMENTS
We thank Prof. Robin A. Wallace for fruitful discussions on yolk formation
and degradation in fish oocytes and for continuous support. We also thank Olga
Bellot for fish maintenance and of N. Cortadellas and A. Garcı´a for excellent
technical support for electron microscopy. The assistance of B. Oelke during
salmon CatL purification and obtention of the antiserum is also greatly
appreciated.
Present address for D. Raldu´a: Laboratory of Environmental Toxicology,
Universidad Polite´cnica de Catalunya, Ctra. Nac. 150, km. 14.5 -Zona IPCT,
TR-23 -Campus Terrassa, 08220 Terrassa, Spain.
GRANTS
Participation of D. Raldu´a was partially financed by a “Ramo´n y Cajal”
contract from the Spanish Ministry of Education and Science. This work was
supported by the Spanish Ministry of Science and Technology Grant
AGL2001-0364 and by a grant from the Reference Center in Aquaculture,
Generalitat de Catalunya, Spain (J. Cerda`, principal investigator).
REFERENCES
1. Bobe J and Goetz FW. Cysteine protease inhibitor is specifically ex-
pressed in pre- and early-vitellogenic oocytes from the brook trout peri-
ovulatory ovary. Mol Reprod Dev 60: 312–318, 2001.
2. Bowman EJ, Graham LA, Stevens TH, and Bowman BJ. The bafilo-
mycin/concanamycin binding site in subunit c of the V-ATPases from
Neurospora crassa and Saccharomyces cerevisiae. J Biol Chem 279:
33131–33138, 2004.
3. Carnevali O, Mosconi G, Roncarati A, Belvedere P, Romano M, and
Limatola E. Changes in the electrophoretic pattern of yolk proteins during
vitellogenesis in the gilthead sea bream, Sparus aurata L. Comp Biochem
Physiol 103B: 955–962, 1992.
4. Carnevali O, Centonze F, Brooks S, Marota I, and Sumpter JP.
Molecular cloning and expression of ovarian cathepsin D in seabream,
Sparus aurata. Biol Reprod 61: 785–791, 1999.
5. Carnevali O, Carletta R, Cambi A, Vita A, and Bromage N. Yolk
formation and degradation during oocyte maturation in seabream Sparus
aurata. Involvement of two lysosomal proteinases. Biol Reprod 60:
140–146, 1999.
6. Carnevalli O, Mosconi G, Cambi A, Ridolfi S, Zanuy S, and Pol-
zonetti-Magni AM. Changes of lysosomal enzyme activities in sea bass
(Dicentrarchus labrax) eggs and developing embryos. Aquaculture 202:
249–256, 2001.
7. Cerda` J, Selman K, and Wallace RA. Observations on oocyte matura-
tion and hydration in the black sea bass, Centropristis striata (Serranidae).
Aquat Living Resourc 9: 325–335, 1996.
8. Chen YN, Hsieh SL, and Kuo CM. Changes in oocyte and blood plasma
osmotic components of ayu, Plecoglossus altivelis Temminck & Schlegel
during oocyte maturation. Aquaculture Res 34: 859–867, 2003.
9. Cho WL, Tsao SM, Hays AR, Walter R, Chen JS, Snigirevskaya ES,
and Raikhel AS. Mosquito cathepsin B-like protease involved in embry-
onic degradation of vitellin is produced as a latent extraovarian precursor.
J Biol Chem 274: 13311–13321, 1999.
10. Craik JCA and Harvey SM. The causes of buoyancy in eggs of marine
teleosts. J Mar Biol Ass UK 67: 169–182, 1987.
11. Dro¨se S and Altendorf K. Bafilomycins and concanamycins as inhibitors
of V-ATPases and P-ATPases. J Exp Biol 200: 1–8, 1997.
12. Fabra M and Cerda` J. Ovarian cysteine proteinases in the teleost
Fundulus heteroclitus: molecular cloning and gene expression during
vitellogenesis and oocyte maturation. Mol Reprod Dev 67: 282–294, 2004.
13. Fagotto F. Yolk degradation in tick eggs. II. Evidence that cathepsin
L-like proteinase is stored as a latent, acid-activable proenzyme. Arch
Insect Biochem Physiol 14: 237–252, 1990.
14. Fagotto F and Maxfield FR. Changes in yolk platelet pH during Xenopus
laevis development correlate with yolk utilization. A quantitative confocal
microscopy study. J Cell Sci 107: 3325–3337, 1994.
15. Fagotto F and Maxfield FR. Yolk platelets in Xenopus oocytes maintain
an acidic internal pH which may be essential for sodium accumulation.
J Cell Biol 125: 1047–1056, 1994.
16. Finn RN, Ostby GC, Norberg B, and Fyhn HJ. In vivo oocyte hydration
in Atlantic halibut (Hippoglossus hippoglossus): proteolytic liberation of
free amino acids, and ion transport, are driving forces for osmotic water
influx. J Exp Biol 205: 211–224, 2002.
17. Finn RN, Wamboldt M, and Fyhn HJ. Differential processing of yolk
proteins during hydration in marine fishes (Labridae) that spawn benthic
and pelagic eggs. Mar Ecol Prog Ser 237: 217–226, 2002.
18. Fyhn HJ. First feeding of marine fish larvae: are free amino acids the
source of energy? Aquaculture 80: 111–120, 1989.
R465CATHEPSIN B AND YOLK PROCESSING IN FISH OOCYTES
AJP-Regul Integr Comp Physiol • VOL 290 • FEBRUARY 2006 • www.ajpregu.org
19. Gracia Bozzo M, Ribes E, Sagrista E, Poquet M, and Durfort M. Fine
structure of the spermatozoa of Crassostrea gigas (Mollusca, Bivalvia).
Mol Reprod Dev 34: 206–211, 1993.
20. Greeley MS Jr, Calder DR and Wallace RA. Changes in teleost yolk
proteins during oocyte maturation: correlation of yolk proteolysis with
oocyte hydration. Comp Biochem Physiol 84B: 1–9, 1986.
21. Greeley MS, Hols H, and Wallace RA. Changes in size, hydration and
low molecular weight osmotic effectors during meiotic maturation of
Fundulus oocytes in vivo. Comp Biochem Physiol 100A: 639–647, 1991.
22. Hasilik A. The early an late processing of lysosomal enzymes: proteolysis
and compartmentation. Experientia 48: 130–151, 1992.
23. Hiramatsu N, Ichikawa N, Fukada H, Fujita T, Sullivan CV, and
Hara A. Identification and characterization of proteases involved in
specific proteolysis of vitellogenin and yolk proteins in salmonids. J Exp
Zool 292: 11–25, 2002.
24. Inoue M, Yoshida H, and Akisaka T. Visualization of acidic compart-
ments in cultured osteoclasts by use of an acidotrophic amine as a marker
for low pH. Cell Tissue Res 298: 527–537, 1999.
25. Iwamatsu T, Takahashi SY, Oh-ishi T, Yokochi T, and Maeda H.
Changes in electrophoretic patterns of oocyte proteins during oocyte
maturation in Oryzias latipes. Dev Growth Differ 34: 173–179, 1992.
26. Kestemont P, Cooremans J, Abi-Ayad A, and Me´lard C. Cathepsin L
in eggs and larvae of perch Perca fluviatilis: variations with developmental
stage and spawning period. Fish Physiol Biochem 21: 59–64, 1999.
27. Kwon JY, Prat F, Randall C, and Tyler CR. Molecular characterization
of putative yolk processing enzymes and their expression during oogenesis
and embryogenesis in rainbow trout (Oncorhynchus mykiss). Biol Reprod
65: 1701–1709, 2001.
28. Laemmli UK. Cleavage of structural proteins during the assembly of the
head of bacteriophage T4. Nature 227: 680–685, 1970.
29. LaFleur GJ Jr, Raldu´a D, Fabra M, Carnevali O, Denslow N, Wallace
RA, and Cerda` J. Derivation of major yolk proteins from parental
vitellogenins and alternative processing during oocyte maturation in Fun-
dulus heteroclitus. Biol Reprod 73: 815–824, 2005.
30. Ling GN. The physical state of potassium ion in the living cell. Scanning
Microsc 4: 737–50, 1990.
31. Mach L, Schwihla H, Stuwe K, Rowan AD, Mort JS, and Glossl J.
Activation of procathepsin B in human hepatoma cells: the conversion into
the mature enzyme relies on the action of cathepsin B itself. Biochem J
293: 437–442, 1993.
32. Mallya S, Partin JS, Valdizan MC, and Lennarz WJ. Proteolysis of the
major yolk glycoproteins is regulated by acidification of the yolk platelets
in sea urchin embryos. J Cell Biol 117: 1211–1221, 1992.
33. Matsubara T and Sawano K. Proteolytic cleavage of vitellogenin and
yolk proteins during vitellogenin uptake and oocyte maturation in barfin
flounder (Verasper moseri). J Exp Zool 272: 34–45, 1995.
34. Matsubara T and Koya Y. Course of proteolytic cleavage in three classes
of yolk proteins during oocyte maturation in barfin flounder Verasper
moseri, a marine teleost spawning pelagic eggs. J Exp Zool 278: 189–200,
1997.
35. Matsubara T, Ohkubo N, Andoh T, Sullivan CV, and Hara A. Two
forms of vitellogenin, yielding two distinct lipovitellins, play different
roles during oocyte maturation and early development of barfin flounder,
Verasper moseri, a marine teleost that spawns pelagic eggs. Dev Biol 213:
18–32, 1999.
36. Matsubara T, Nagae M, Ohkubo N, Andoh T, Sawaguchi S, Hira-
matsu N, Sullivan CV, and Hara A. Multiple vitellogenins and their
unique roles in marine teleosts. Fish Physiol Biochem 28: 295–299, 2003.
37. McPherson R, Greeley MS Jr, and Wallace RA. The influence of yolk
protein proteolysis on hydration in the oocytes of Fundulus heteroclitus.
Dev Growth Differ 31: 475–483, 1989.
38. Murakami M, Iuchi I, and Yamagami K. Yolk phosphoprotein metab-
olism during early development of the fish, Oryzias latipes. Dev Growth
Differ 32: 619–627, 1990.
39. Nordin JH, Beaudoin EL, and Lin X. Acidification of yolk granules in
Blatella germanica eggs coincide with proteolytic processing of vitellin.
Arch Insect Biochem Physiol 18: 177–192, 1991.
40. Ohkubo N and Matsubara T. Sequential utilization of free amino acids,
yolk proteins and lipids in developing eggs and yolk-sac larvae of barfin
flounder Verasper moseri. Mar Biol (Berl) 140: 187–196, 2002.
41. Park H, Hong KM, Sakanari JA, Choi JH, Park SK, Kim KY, Hwang
HA, Paik MK, Yun KJ, Shin CH, Lee JB, Ryu JS, and Min DY.
Paragonimus wetermani: cloning of a cathepsin F-like cysteine proteinase.
Exp Parasitol 98: 223–227, 2001.
42. Pillay CS, Elliot E, and Dennison C. Endolysosomal proteolysis and its
regulation. Biochem J 363: 417–429, 2002.
43. Reith M, Munholland J, Kelly J, Finn RN, and Fyhn HJ. Lipovitellins
derived from two forms of vitellogenin are differentially processed during
oocyte maturation in haddock (Melanogrammus aeglefinus). J Exp Zool
291: 58–67, 2001.
44. Retzek H, Steyrer E, Sanders EJ, Nimpf J, and Schneider WJ.
Molecular cloning and functional characterization of chicken cathepsin D,
a key enzyme for yolk formation. DNA Cell Biol 11: 661–672, 1992.
45. Rønnestad I and Fyhn HJ. Metabolic aspects of free amino acids in
developing marine fish eggs and larvae. Rev Fish Sci 1: 239–259, 1993.
46. Rowan AD, Mason P, Mach L, and Mort JS. Rat procathepsin B.
Proteolytic processing to the mature form in vitro. J Biol Chem 267:
15993–15999, 1992.
47. Selman K and Wallace RA. Gametogenesis in Fundulus heteroclitus. Am
Zool 26: 173–192, 1986.
48. Selman K, Wallace RA, and Barr V. Oogenesis in Fundulus heterocli-
tus. V. The relationship of yolk vesicles and cortical alveoli. J Exp Zool
246: 42–56, 1988.
49. Selman K, Wallace RA, Sarka A, and Qi X. Stages of oocyte develop-
ment in the zebrafish, Brachydanio rerio. J Morphol 218: 203–224, 1993.
50. Selman K, Wallace RA, and Cerda` J. Bafilomycin A1 inhibits proteo-
lytic cleavage and hydration but not yolk crystal disassembly or meiosis
during maturation of sea bass oocytes. J Exp Zool 290: 265–278, 2001.
51. Sire MF, Babin PJ, and Vernier JM. Involvement of the lysosomal
system in yolk protein deposit and degradation during vitellogenesis and
embryonic development in trout. J Exp Zool 269: 69–83, 1994.
52. Ta¨htinenV, Weber E, Gunther D, Ylonen A, Kalkkinen N, Olsen R,
Jarvinen M, Soderstrom KO, Rinne A, Bjorklund H, and Bogwald J.
Immunolocalization of cysteine proteinases (cathepsins) and cysteine
proteinase inhibitors (salarin and salmon kininogen) in Atlantic salmon,
Salmo salar. Cell Tissue Res 310: 213–22, 2002.
53. Thorsen A, Fyhn HJ, and Wallace RA. Free amino acids as osmotic
effectors for oocyte hydration in marine fishes. In: Physiological and
Biochemical Aspects of Fish Development, edited by Walther BT and
Fyhn HJ. Oslo: Univ. of Bergen, 1993, p. 94–98.
54. Thorsen A and Fyhn HJ. Final oocyte maturation in vivo and in vitro in
marine fishes with pelagic eggs: yolk protein hydrolysis and free amino
acid content. J Fish Biol 48: 1195–1209, 1996.
55. Umata T, Moriyama Y, Futai M, and Mekada E. The cytotoxic action
of diphtheria toxin and its degradation in intact Vero cells are inhibited by
bafilomycin A1, a specific inhibitor of vacuolar-type H-ATPase. J Biol
Chem 265: 21940–21945, 1990.
56. Wallace RA and Selman K. Major proteins changes during vitellogenesis
and maturation of Fundulus oocytes. Dev Biol 110: 492–498, 1985.
57. Wallace RA, Greeley MSJr and McPherson R. Analytical and experi-
mental studies on the relationship between Na, K, and water uptake
during volume increases associated with Fundulus oocyte maturation in
vitro. J Comp Physiol [B] 162: 241–248, 1992.
58. Wood AW and Van Der Kraak G. Yolk proteolysis in rainbow trout
oocytes after serum-free culture: evidence for a novel biochemical mech-
anism of atresia in oviparous vertebrates. Mol Reprod Dev 65: 219–27,
2003.
59. Wood AW, Matsumoto J, and Van Der Kraak G. Thyroglobulin type-1
domain protease inhibitors exhibit specific expression in the cortical
ooplasm of vitellogenic rainbow trout oocytes. Mol Reprod Dev 69:
205–14, 2004.
60. Yamahama Y, Uto N, Tamotsu S, Miyata T, Yamamoto Y, Watabe S,
and Takahashi SY. In vivo activation of pro-form Bombyx cysteine
protease (BCP) in silkmoth eggs: localization of yolk proteins and BCP,
and acidification of yolk granules. J Insect Physiol 49: 131–140, 2003.
61. Yamashita M and Konagaya S. Cysteine protease inhibitor in egg of
chum salmon. J Biochem (Tokyo) 110: 762–766, 1991.
62. Yokota Y and Kato KH. Degradation of yolk proteins in sea urchin eggs
and embryos. Cell Differ 23: 191–200, 1988.
63. Yoshizaki N and Yonezawa S. Cathepsin D activity in the vitellogenesis
of Xenopus laevis. Dev Growth Differ 36: 299–306, 1994.
64. Yoshizaki N, Moriyama A, and Yonezawa S. Purification and properties
of embryonic cysteine proteinase which participates in yolk-lysis of
Xenopus laevis. Comp Biochem Physiol 119B: 571–576, 1998.
R466 CATHEPSIN B AND YOLK PROCESSING IN FISH OOCYTES
AJP-Regul Integr Comp Physiol • VOL 290 • FEBRUARY 2006 • www.ajpregu.org
